Introduction
Silicon nitride (Si3N4) is well known for its high-strength, low thermal expansion and thermal shock resistance. Re cently, ceramic particle-reinforced Si3N4 composite has drawn considerable attention because of substantial enhan cement of the mechanical properties of Si3N4 ceramics. Titanium nitride (TiN) is useful as a particle-reinforcement for Si3N4 ceramics by improving the fracture toughness and strength.1)-3)
The fabrication of particle-reinforced ceramic composites by conventional powder processing often generates ag glomerates of the particle-reinforcement and the degree of microstructural homogeneity is limited, which strongly influences the enhancement of mechanical properties of composites. As one of the possible ways to overcome this problem, a new fabrication method, in situ compositing method, has been suggested. This method uses metal-or ganic precursor which can be homogeneously distributed within the ceramic matrix green body and transformed to a particle-reinforcement by reaction and precipitation during sintering. Wang reported that Si3N4-TiN nanocomposite has been prepared using Si3N4 powder and titanium butoxide [Ti(OBu)4] as an in-situ source of TiN nano particles.4) Narula et al. also reported that (trimethylsilyl) amino titanium trichloride [(H3C)3SiNHTiCl3] is a useful in-situ TiN source for Si3N4-TiN composite system. 5) On the other hand, increasing attention has been directed to the use of silicon-based metal-organic precursors for the manufacture of high-performance ceramics such as Si3N4.6)-10) One of the advantages of this route for the preparation of ceramics is the ability to synthesize silicon based multicomponent ceramics through chemical modification of silicon-based polymeric precursors. In this process, desired metal elements can be introduced to the precursors and the chemical composition of the resulting multicomponent ceramic systems can be regulated at molecular or atomic level. This process is expected to produce new types of high-performance silicon-based ce ramic materials.
In the chemical modification route, oligosilazanes,113) polysilazanes14)-16) and perhydropolysilazanes17) 20) are often used in the fabrication of Si3N4-based ceramics. Among these precursors, perhydropolysilazane (PHPS) has some advantages in high purity and high ceramic yield.17), 18, 20) The authors have reported that polymeric precursors for [Si-Y-O-C-N] multicomponent ceramics of SiC nanoparticle-dispersed Si3N4-Y2O3 ceramics were suc cessfully prepared by chemical modification of commer cially available PHPS with yttrium alkoxide and n-decyl alcohol,21) or polycarbosilane.22) In our previous work, we also found that a poly-titanosilazane derivative derived from PHPS chemically modified with titanium tetrachloride (TiC14) and yttrium alkoxide has a potential to synthesize TiN particle dispersed Si3N4-Y2O3 ceramics.23), 2 However, the intermediate precursor of PHPS modified with TiCl4 was found to be very sensitive to ambient moisture and after pyrolysis, a considerable amount of chlorine contamination was observed in the multicompo nent amorphous product. 24) In this study, tetrakis (dimethylamino) titanium [Ti(N (CH3)2)4] and titanium tetra-isopropoxide [Ti(OCH (CH3)2)4] were selected as molecular titanium source and the present paper describes: (1) the synthetic study of poly-titanosilazane derivatives from a commercially avail able perhydropolysilazane and TiX4 [X=N(CH3)2, OCH(CH3)2] using FT-IR and 1H NMR analyses, (2) crystallization and microstructural development of Si3N4 TiN ceramics from the poly-titanosilazane-derived [Si-Ti-O-C-N] multicomponent powders. The effect of titanium element on the crystallization and -/-phase transforma tion of Si3N4 will be also discussed.
2. Experimental procedure 2.1 Precursor synthesis Figure 1 shows the synthetic route for poly-titanosila zanes investigated in this study. As received PHPS (6.65g; Si, 63.5; N, 24.8; O, 0.7; C, 2.4 mass%, hence Si=150mmol) was dissolved into dry xylene (100ml) with stirring, then cooled to 0. To this solution, Ti(N(CH3)2)4 (15mmol, Ti/Si atomic ratio of 0.10) in dry xylene (5ml) was slowly added by syringe with stirring. After the addition was completed, the reac tion mixture was warmed to room temperature, then maintained for 2 with stirring. The reaction mixture was concentrated in a rotary evaporator. The residue was dried in vacuum to give a poly-titanosilazane (TNPHPS) as a brown powder (95%). The reaction of as-received PHPS with Ti(OCH(CH3)2)4 proceeded in the same manner as mentioned above to give another poly-titanosilazane (TNPHPS) as a light green powder (98%).
Pyrolysis
The poly-titanosilazane was ground to a fine powder us ing a mortar and pestle, then pyrolyzed in a quartz tube furnace (Motoyama, Osaka, Japan) under flowing ammo nia (NH3, 500ml/mm) by heating from room temperature to 1000 in 5h, maintaining the temperature at 1000 for an additional 3h, and finally furnace cooling down to room temperature to give a [Si-Ti-O-C-N] amorphous product as a black powder. The ceramic yields of the TNPHPS and TOPHPS were 75 and 73%, respectively. As-received PHPS was also pyrolyzed under the same conditions as mentioned above to give a [Si-N] amorphous product as pale brown solid (76%).
Heat treatment
The pyrolyzed sample was ground to a fine powder using a mortar and pestle, then sieved through a 250m screen before forming by uniaxial pressing at 150MPa (10mm in diameter, 10g). The green compacts were placed on a BN plate within a BN crucible and heat treated in a graphite resistance heated furnace (Model High Multi 10000, Fujidempa Kogyo, Osaka, Japan) at temperatures of 1200, 1400, 1600 and 1800. The nitrogen pressures applied in this heat treatment procedure were 196kPa at 1200, 392 kPa at 1400 and 980kPa above 1600.
2.4 Characterization Infrared (IR) spectra were recorded on KBr pellets con taining polymer samples (Model System 2000, Perkin E l mer, Connecticut, USA). 1H nuclear magnetic resonance (NMR) spectra were recorded for the polymer samples in CDCl3 solution at room temperature (Model Unityinova 300, Varian Japan Ltd., Tokyo, Japan). To study the reac tion of PHPS and Ti(OCH(CH3)2)4, 1H NMR spectra were also recorded for Si(OCH(CH3)2)4 (Kojundo Chemical Laboratory Co., Ltd., Saitama, Japan) and HOCH(CH3)2 (Nakarai Chemical, reagent grade, Tokyo, Japan) as reference data.
Elemental analyses were performed on the pyrolyzed and heat-treated samples for Si and Ti (ICP spectrometry, Model ICAP-757V, Nippon Jarrell-Ash, Kyoto, Japan), C (high-temperature combustion method, Model EMGA 110, Horiba Ltd., Kyoto, Japan), N and O (inert gas fusion method, Model EMGA 650, Horiba Ltd., Kyoto, Japan).
X-ray diffraction (XRD) measurements were performed on the pyrolyzed and heat-treated samples with CuK radiation using an automated powder diffracotmeter equipped with a monochrometer (Model RINT 2500, Rigaku, Tokyo, Japan). The relative amount of and Si3N4 in the heat-treated powder compacts was calculated using the method reported by Gazzara and Messier25) and the /(+) phase ratio of Si3N4 was determined by Eq. (1) using the corrected values for peak intensity of Si3N4 (210) and -Si3N4 (210). 26 ( 1 ) The lattice parameter of TiN was measured using Si as internal standard, the amount of carbon in the solid solution of Ti (Cx, N1-x) was determined by the Vegard's low using the values of TiN (c=0.4242nm, JCPDS Card No. 38 -1420) and Ti (C0 .3, N0.7) (c=0.4264nm, JCPDS Card No. 42-1488).
Microstructure of heat-treated samples was studied using a transmission electron microscopy (TEM; Model EM-002B, Topcon Co., Tokyo, Japan). Analytical TEM-analy sis was performed on the heat treated samples using Gatan Imaging Filter mounted on the TEM.
3. Results and discussion 3.1 Chemical structure of polymeric precursors Figure 2 shows the IR spectra of polymer samples. As -received PHPS (Fig. 2(a) ) presents absorptions at 3400 cm-1 (N-H),27) 2950-2900cm-1 (C-H),28) 2150cm-1 (Si-H),27) 1250cm-1 (Si-CH3),28) 1180cm-1 (N-H)27 ) and 840-1020cm-1 (Si-N-Si).27) Compared with as -received PHPS, TNPHPS (Ti/Si=0.10, Fig. 2(b) ) shows a remarkable decrease in absorption intensity at 1180 cm-1 (N-H). In the spectrum of TOPHPS (Ti/Si=0.10, Fig. 2(c) Chemical structure of the polymer samples was further studied by 1H NMR spectroscopy. However, the TNPHPS and TOPHPS were found almost insoluble in organic sol vents such as xylene and chloroform, then PHPS was reacted with TiX4 [X=N(CH3)2, OCH(CH3)2, Ti/Si=0.02] and soluble fractions of the reaction products of TNPHPS (Ti/Si=0.02) and TOPHPS (Ti/Si=0.02) were mainly studied. The results are shown in Fig. 3 . As -received PHPS presents four peaks at 4.80, 4.34, 2.3-0.5 (broad), 0.1-0.2ppm assigned to N3SiH/NZSiH2, NSiH3, Si2NH and NSi(CH3)3, respectively17), 21) (Fig. 3(a) ). The relative peak intensities to NSi(CH3)3 of N3SiH/N2SiH2, NSiH3 and Si2NH are 5.9, 1.8 and 1.2, respectively. In the spectrum of TNPHPS Ti/Si=0.02, Fig. 3(b) ), an addi tional broad peak is observed at 2.53ppm assigned to NCH3 groups.28) The relative peak intensities to N Si(CH3)3 of N3SiH/N2SiH2 and NSiH3 are 5.9 and 1.7, respectively, while that of Si2NH is remarkably decreased to 0.87. Accordingly, about 28% of NH groups in as received PHPS reacted with Ti(N(CH)2)4.
1H NMR analysis of Ti(OCH(CH3) 2)4 resulted in peaks of CH at 4.48ppm (sept) and CH3 at 1.24ppm (d). The spectrum of TOPHPS (Ti/Si=0.02, Fig. 3(c) ) consists of the peaks of PHPS and -OCH(CH3)2 group and the peaks of -OCH(CH3)2 group become broader, which is caused by the polymer network of PHPS. However, the peak of CH is shifted to higher field of 4.24ppm.
To study the reaction of PHPS with Ti(OCH(CH3)2)4 in more detail, Ti(OCH(CH3)2)4 (Ti/Si=0. 10) was added to a solution of PHPS in CDCl3 at room temperature, then the soluble fraction of the reaction mixture was further ob served by 1H NMR spectroscopy. After 2h (Fig. 4(a) ), the spectrum presents the peaks of PHPS-derived N3SiH/N2 SiH2 and NSiH3, Ti(OCH(CH3)2)4-derived CH (4.48ppm, sept) and new peaks at 4.24 and 4.60ppm. After 24h (Fig.  4(b) ), the peak of Ti(OCH(CH3)2)4-derived CH disap pears. The peak intensity of NSiH3 also decreases com pared with as-received PHPS (Fig. 4(c) ), while those of the new peaks increase. At 4.70ppm, a small shoulder is observed on the peak of N3SiH/N2SiH2, which indicates the existence of HSiON2 unit.17) The chemical shift value of the new peak (4.24ppm) is close to that of CH group of Si(OCH(CH3)2)4 (4.27ppm, (sept)). According to these results, the new peak at 4.24ppm is assigned to CH of Si -OCH(CH3)2 group . These IR and 1H NMR spectroscopic analyses indicate that PHPS reacted with TiX4 to form N-Ti bonds as shown in Eq. (2).
( 2 ) (a, b)=(1, 2), X=N(CH3)2, OCH(CH3)2 In the case of X=OCH(CH3)2, the produced HOCH(CH3)2 reacted with N2SiH2 in PHPS to form N 2-SiH-OCH(CH3)2 groups (Eq. (3)) and Si-N bond cleavage also occurred to some extent17), 21) (Eq. (4)), which caused the decrease in amount of NSiH3. The new peak observed at 4.60ppm is considered to be due to Si-H groups of the released oligomers and a monomer such as H2Si OCH(CH3)2.
( 3 ) ( 4 ) As shown in Fig. 4(a) , CH peak of HOCH(CH3)2 (4.05 ppm (sept)) was not detected. The reactions of Eq. (2) and Eq. (3) or (4) are not considered to occur stepwise but simultaneously.
Since TNPHPS (Ti/Si=0.10) and TOPHPS (Ti/Si=0. 10) were found almost insoluble in organic sol vents, further cross-linking of PHPS moieties in these samples is considered to have occurred via functional groups such as NTi(X)2N [X=N(CH3)2, OCH(CH3)2] as shown in Fig. 1 .
After we confirmed certain chemical bondings between PHPS and TiX4, the reaction products of TNPHPS (Ti/Si=0.10) and TNPHPS (Ti/Si=0.10) were pyrolyzed in NH3 flow.
Conversion of polymeric precursors into inorganic
compounds The chemical composition of the pyrolyzed samples is shown in Table 1 . The Ti/Si atomic ratios of the pyrolyzed TNPHPS and TOPHPS are 0.10, and titanium is success fully doped in the pyrolyzed samples by the chemical modification reactions of PHPS. However, carbon content of the pyrolyzed TNPHPS is increased in comparison with that of the pyrolyzed as-received PHPS. To eliminate car bon completely, we examined the pyrolysis conditions. However, it was difficult to eliminate the residual carbon completely at 1000 in NH3 flow. Oxygen content of the pyrolyzed TNPHPS and TOPHPS is also increased in comparison with that of the pyrolyzed as-received PHPS. These polymeric precursors and the pyrolyzed samples may be highly reactive towards ambient moisture, which leads to the increase of oxygen content. In the case of TNPHPS, a large amount of oxygen was introduced from Ti(OCR(CH3)2)4 (O/Ti=4) as shown in Eqs. (3) and (4), thus the total oxygen content of the pyrolyzed sample is increased up to 12.2%.
XRD measurements were performed on the pyrolyzed samples. The pyrolyzed as received PHPS and TNPHPS exhibit broad amorphous diffraction lines (Figs. 5(a) and 5(b)). The pyrolyzed TOPHPS presents broad peaks at around 2() of 36.5, 42.5 and 61.7, which indicates that the crystallization of TiN or Ti (O, N) started during pyrolysis (Fig. 5(c) ). Table 1 . The polymeric precursor-derived amorphous powder compacts are well crystallized by heat treatment up to 1800 in N2.
However, the crystallization behavior is much different in each sample. In as-received PHPS (Fig. 5(a) ), both and -Si3N4 peaks begin to appear at 1200 and Si is also ob served as a minor phase. Above 1400, Si3N4 peaks con tinue to increase in intensity, while Si peaks decrease in relation.
As shown in Table 1 , the N/Si atomic ratio of pyrolyzed PHPS was 0.86 and excess Si relating to the composition of Si3N4 (N/Si=1.33) existed in the amorphous powders. Thus Si crystallized at 1200. The crystallized Si could be nitriding to form Si3N4 above the melting point of Si at 1420.
Finally, at 1800, the N/Si atomic ratio reaches 1.25. The crystallization temperature of both and -Si3N4 was as low as 1200 . This crystallization tempera ture is in consistence with those previously reported for silicon-rich amorphous Si3N4 derived from PHPS26) or the vapor phase reaction of silane and NH3. 29 In TNPHPS (Fig. 5(b) ) below 1400, only broad peaks are observed at around 2() of 36.5, 42.5 and 61.7, then both a and -Si3N4 peaks appear above 1600. Accord ingly, the amorphous Si3N4 below 1400 of TNPHPS is rather stable and titanium is found to be effective to sup press crystallization of Si3N4. Figure 6 shows typical TEM micrographs of the 1200 heat-treated TNPHPS. Fine crystallites having a size range of about 10 to 20nm are dispersed within a large amor phous powder (Figs. 6(a) and 6(b) ). The selected area electron diffraction pattern (Fig. 6(c) ) is identical to TiN (based on JCPDS Card No. 38-1420). Upon heating to 1800, the TiN peaks become sharp. However, at 1600, these peaks are slightly shifted to lower angles, which in dicates the solid solution formation of titanium carbonitride [Ti(Cx, N1-x)]. The lattice parameter of [Ti(Cx, N1-x)] in the 1600-heat-treated TNPHPS is 0.4249nm and the composition of the Ti (Cx, N1-x) can be determined follow ing the Vegard's law as Ti (C0.1, N0.9). Then, these peaks are shifted to higher angles and the lattice parameter of this phase in the 1800-heat-treated TNPHPS is 0.4243nm, close to that of TiN (0.4242nm, JCPDS Card No. 38 1420).
As shown in Table 1 , the Ti/Si atomic ratio of 1800 heat-treated TNPHPS is increased to 0.12, while oxygen and carbon contents are decreased. During heat treatment up to 1800, carbon in the [Si-Ti-O-C-N] multicompo nent phase was spent for reactions such as carbothermal nitridation of SiO2. The TNPHPS-derived [Si-Ti-O-C-N] multicomponent phase was thought to be thermodynami cally metastable and was able to give off gases such as CO and SiO, which lead to the observed chemical composition change and the reduction of carbon in the Ti (C, N) .
The crystallization behavior observed below 1400 of TOPHPS is similar to that of TNPHPS. However, in TOPHPS, Si2N2O, and -Si3N4 peaks appear at 1600, then Si2N2O peaks are observed as a major phase at 1800. Upon heating to 1800, the broad peaks observed below 1400 are sharp and shifted to higher angles. The lattice parameter of this phase in the 1800-heat-treated TOPHPS is 0.4240nm and found to be intermediate be tween those of TiN (0.4242nm) and TiO (0.4178nm).30) Accordingly, these peaks can be indexed as another solid solution of titanium oxynitride [Ti (N, O) ].
The formation of Si2N2O and Ti(O, N) above 1600 of TOPHPS is due to the excess oxygen introduced from Ti(OCH(CH3)2)4 as mentioned above. As shown in Table   1 , the Ti/Si atomic ratio of the 1800-heat-treated TOPHPS is increased to 0.17, which is mainly due to the decomposition of Si2N2O with simultaneous loss of SiO and O2 above 1600.21) phase ratio of Si3N4 in the powder compacts during heat treatment up to 1800. The ratio of as-received PHPS is less than 15% at temperatures from 1200 to 1800. The ratios of TNPHPS and TOPHPS increase above 1600. At 1800, the ratios of TNPHPS and TOPHPS reach 61 and 100%, respec tively. The pyrolyzed TNPHPS and TOPHPS contained considerable amount of oxygen. The Si-Ti-O system can produce a liquid phase above 155031) and the amount of the liquid phase increases with increasing oxygen content. Furthermore, nitrogen also can contribute to the liquid phase formation. Accordingly, the Si-Ti-O-N liquid phase is considered to enhance the -/ phase transformation of Si3N4 above 1600.
Finally at 1800, the -/ phase transformation in the TOPHPS is completed. Figure  8 shows the typical microstructure observation results of the TNPHPS-derived ceramics. At 1400, several particles with diameter of smaller than 30nm are observed ( Fig. 8(a) ). These particles are identified as TiN by the elemental ratio map shown in Fig. 8(b) . At 1800, TiN particles are increased in size and partially sintered, which is probably due to the Si-Ti-O-N liquid phase. Although a slight carbon contamination is suggested by the XRD analysis, the size of TiN particles is smaller than 100 nm (Figs. 8(c) and 8(d) ). This observation result indicates that the TNPHPS derived from PHPS and Ti(N(CH3)2)4 is suitable for the synthesis of TiN nanoparticle-dispersed Si3N4-based ceramics. The chemical structure of the synthesized precursors was studied using IR and 1H NMR techniques. The poly titanosilazanes were found to contain some N-Ti bonds.
(2) [Si-Ti-O-C-N] multicomponent amorphous pow ders were synthesized by pyrolysis of the poly-titanosila zanes at 1000 in NH3.
(3) Amorphous Si3N4 in the [Si-Ti-O-C-N] was rather stable below 1400 and titanium was found to be effective to suppress crystallization of Si3N4. Above 1600, the Si-Ti-O-N liquid phase enhanced the -/ phase transformation of Si3N4. (4) The poly-titanosilazane derived from PHPS and Ti(N(CH3)2)4 yielded Si3N4-TiN ceramics by heat treat ment at 1800 in N2. TiN was observed as particles with diameter of smaller than 100nm. The poly-titanosilazane was found to be suitable for the synthesis of TiN nanopar title-dispersed Si3N4-based ceramics.
